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SECTION  1 
INTRODUCTION 


Millimeter-wave  power  production  using  fast-wave  amplifiers  has  shown 
a  large  amount  of  experimental  progress  in  the  last  decade.  Recent  studies  have 
focused  on  the  gyroklvstron  amplifier  (GKA)  and  the  gyro-traveling  wave  tube 
(gyro-TWT).  These  devices  eliminate  the  conventional  slow-wave  circuit  by  using 
the  periodic  motion  of  the  electrons,  induced  by  external  fields  applied  in  the 
interaction  region,  to  couple  (synchronize)  a  natural  beam  resonance  to  a 
selected  waveguide  mode.  With  the  gyro-devices,  an  axial  magnetic  field  is  used 
to  couple  the  fast  cyclotron  wave  on  the  beam  to  an  appropriate  transverse 
electric  (TE)  waveguide  mode.  The  fast-wave  amplifiers  are  able  to  generate 
increased  millimeter  wave  power  levels,  since  their  coupling  mechanism  does  not 
require  the  small  transverse  dimensions  of  the  slow-wave  circuit;  indeed,  simple 
structures  such  as  large  scale  cavities  or  lengths  of  waveguide  can  be  used  for 
gyro-devices,  y 

The  Naval  Research  Laboratory  is  presently  pursuing  a  program  to 
investigate  the  performance  of  gyroklvstron  devices.  The  main  emphasis  is  on 
amplifiers;  however,  locked-oscillator  performance  is  also  being  studied.  . 
Initial  studies  have  examined  a  rectangular  three-cavity  configuration  operating 
at  the  fundamental  frequency  and  in  the  dominant  cavity  mode.  The  program  plan 
includes  future  examination  of  circular  cavity  devices  and  device  operation  in 
overmoded  cavities.  The  latter  approach  allows  device  noeration  at  larger 
output  power  levels.  The  NRL  program  includes  both  an  experimental1,2  and  a 

theoretical3,4  effort. 

The  gyroklvstron  is  of  particular  interest  for  radar  and  advanced 
accelerator  applications,  because  it  should  be  an  efficient  (>40%),  high  gain 
(>40dB)  amplifier  capable  of  generating  high-power  millimeter  waves.  The 
limited  bandwidth  (>5%)  should  not  adversely  affect  these  applications.  The 
gyroklvstron  shown  in  Figure  1  illustrates  typical  characteristics  of  a 
fast-wave  device.  A  magnetron  injection  qun  is  used  to  launch  an  annular 
electron  beam  into  the  rf  interaction  region.  In  Figure  1,  the  interaction 


URL  Cyrokl ysl ron  Amplifier.  Shown  Is  a  drawlnq  of  the  URL  qyroklystron  amplifier.  Onl\ 
the  input  w.ivenn i fie  is  shown.  The  other  two  cavity  wavequides  are  rotated  out  of  the 


region  consists  of  two  drive  cavities  and  one  output  cavity,  with  these  cavities 
separated  from  one  another  by  radiation-f ree  drift  spaces.  In  the  cavity 
regions,  the  transverse  kinetic  energy  of  the  electrons  is  coupled  to  a  selected 
Tf  cavity  mode  by  the  electron  cyclotron  resonance  condition,  where  the  energy 
dependence  of  the  relativistic  electron  cyclotron  frequency  causes  the  electrons 
to  become  phase-bunched  in  their  cyclotron  orbits,  thereby  giving  rise  to  a 
coherent  interaction.  To  achieve  positive  gain,  the  interaction  requires  that 
the  radiation  frequency  slightly  exceed  the  cyclotron  frequency.  For  operation 
at  the  fundamental  cyclotron  frequency,  this  condition  leads  to  a  requirement 
for  a  hiqh  axial  maqnetic  field  in  the  interaction  region.  For  example,  a  35 
GH7  amplifier  would  need  a  magnetic  field  of  approximately  13  kG;  our  device 
which  operates  at  4.5  GHz  requires  about  2  kG.  Since  the  gvro-devices  extract 
energy  from  the  transverse  or  rotational  motion  of  the  electrons,  a  large  ratio 
of  the  transverse  to  axial  electron  velocity,  a,  is  required  to  obtain  high 
efficiency  operation.  Typical  values  of  a  range  from  1  to  3. 


SECTION  2 
PREVIOUS  WORK 


* 


A  good  overview  of  previous  gyroklystron  amplifier  research  may  be 

C  r  -j 

found  in  articles  by  Symons,  Dory,  and  Andronov.  Table  1  summarizes  previous 
GKA  experiments.  As  Table  1  shows,  few  actual  experiments  have  been  performed 
to  test  the  gyroklystron  amplifier  concept,  although  gyroklystron  experiments 
were  begun  20  years  ago  by  Wachtel  and  Hirshfield.8 

As  shown  in  Table  1,  a  two-cavity,  28  GHz  gyroklystron  amplifier  was 

Q 

constructed  by  Gory.  This  device  operated  at  the  fundamental  cyclotron 
frequency.  It  had  a  circular  TEq11  driver  cavity  and  a  circular  TE02i  output 
cavity.  The  device  never  performed  to  design  expectations  because  of  problems 
with  spurious  oscillations  in  the  driver  cavity  and  in  the  drift  tubes. 
However,  use  of  resistive  loading  did  eventually  result  in  stable  operation.  A 
gain  of  40  dB  was  reported  with  an  output  power  of  50  kW. 

A  three-cavity  gyroklystron,  operating  at  the  second  harmonic  of  the 
cyclotron  frequency,  was  also  reported  by  Dory.10,11  Again,  competing 
oscillations  hampered  operation.  The  largest  output  power  reported  was  20kW, 
with  an  8.2%  efficiency.10  Only  a  10  dB  gain  was  realized. 

A  pre-1967  gyroklystron  amplifier  was  reported  by  Andronov.7  A  70% 
perpendicular  efficiency  at  X-band  with  CW  operation  was  reported.  Details  were 
not  given. 


The  cyclotron  resonance  condition  is  the  same  for  gvrokly strons  as  for 
other  gvro-devices.  Thus,  much  of  the  extensive  gvromonotron  theory5  is 
applicable  to  the  gyroklystron.  There  are,  however,  differences,  and  a  body  of 
knowledae  related  specifically  to  gvroklystrons  has  been  developed  over  the 
years.  The  earliest  work  which  specifically  addresses  gyroklystrons  is  that  of 
Demidovich.*'  He  calculated  the  perpendicular  efficiency  (the  efficiency  with 
which  energy  is  extracted  from  the  rotational  motion  of  the  electrons)  for  a 
three-cavitv  gyroklystron  to  be  85%. 
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Later,  Kolosov13  and  Kuravev14  examined  the  issue  of  optimum  shape  for 
the  output  cavity  of  a  gyroklystron.  They  reported  perpendicular  efficiencies 
as  large  a  97%.  Total  efficiencies  (microwave  energy  divided  by  beam  energv )  of 
65%  have  been  calculated  by  Kanavets15  for  a  three-cavity  relativistic 

gvroklystron . 

Symons16  has  analyzed  the  Gk'A  in  the  small  signal  regime.  This  theory 
was  used  in  conjunction  with  a  computer  simulation17  to  design  the  28  GHz, 
two-cavitv  gvroklystron  tube  in  Table  1.  An  estimate  was  made  of  the 
space-charge  effects.  Kovalev  has  also  examined  space-charge  effects.  His 
results  show  that  space-charge  effects  enhance  the  growth  of  electron  bunches  in 
the  drift  tubes,  but  also  increase  the  velocity  spread  of  the  electrons, 
decreasing  the  maximum  efficiency.  Kuravev  found  similar  results. 

Keier^0,21  has  examined  the  use  of  nonuniform  magnetic  fields  to 

optimize  the  efficiency.  He  examined  the  possibility  of  adjusting  the 

phase-bunching  of  a  gvroklystron  beam,  with  large  velocity  spread,  to  optimize 
the  efficiency. 

Ganguly3  has  examined  the  theory  for  a  two-cavity  gyroklystron.  He 

has  shown  that  use  of  a  circular  TE0ll  mode-bunching  (driver)  cavity  with  a 
L.  34 L  mode  output  cavity  stabilizes  the  output  cavity  to  mode  competition.  He 
also  suggested  tapering  the  magnetic  field  to  increase  the  efficiency,  as  is 

done  with  gvromonotrons.  Recently,  Ganguly4  has  developed  a  multi-cavity 
small-signal  analysis  for  gyroklystron  amplifiers  which  we  have  used  to  compare 
with  our  experimental  results. 


SECTION  3 

NRL  CYROKLYSTRON  DESIGN 


A  number  of  criteria  were  used  in  the  design  of  the  GKLY-101 
gyroklvstron  amplifier  shown  in  Figure  1.  First,  due  to  previous  experimenters' 
difficulties  with  spurious  oscillations,  the  design  was  restricted  to  the 
fundamental  cyclotron  freguency  operating  in  the  dominant  cavity  mode.  Further, 
the  drift  lengths  were  designed  to  be  cut  off  to  the  operating  frequency. 
Second,  due  to  the  availability  of  a  particular  electron  gun,  the  design  was 
constrained  in  magnetic  field  and,  therefore,  frequency.  Thirdly,  TEi(ji 
rectangular  cavities  were  chosen  to  allow  easy  tuning  and  to  eliminate  the  dual 
polarization  possible  with  a  circular  TEin  cavity.  Fourthly,  a  40  dB  gain  was 
desired;  theory  showed  a  three-cavity  design  would  be  capable  of  obtaining  this 
gain.1  Finally,  a  decision  to  use  only  conventional  magnets  was  made.  This  was 
consistent  with  the  other  frequency  limitation,  but,  in  addition,  allowed  for 
greater  experimental  flexibility  (e.g.,  easy  tapering  of  the  magnet  field 
profile).  Using  these  criteria,  the  GKLY-101  amplifier  was  designed, 

fabricated,  and  is  now  under  test. 

As  shown  in  Figure  1,  the  GKLY-101  tube  utilizes  a  magnetron  injection 
gun  to  launch  an  annular  electron  beam  into  the  rf  interaction  region,  which 
consists  of  three  cavities  separated  by  radiation-free  drift  lengths.  This  gun 
uses  an  intermediate  electrode  to  optimize  a  and  operates  with  temperature 
limited  electron  emission  to  minimize  axial  velocity  ..pread.  The  gun  was 
originally  designed  to  provide  a  5  A  beam  with  an  a  of  2  when  operating  at  60 
kV.  This  is  the  same  gun  used  in  the  10  GHz  Yarian  experiments1'-  in  Table  1. 
Preliminary  testing  has  not  exceeded  35  kV  due  to  modulator  limitations.  At 
this  voltage,  the  a  has  been  determined  to  be  approximately  one.  This  value  is 
based  on  both  experiments  and  computer  simulation  of  the  gun. 

The  rf  circuit  consists  of  three  rectanqular  cavities  in  series 
operating  in  the  TE x  o i  mode  at  the  fundamental  cyclotron  frequency.  These 
cavities  are  separated  by  cylindrical  drift  lengths  (L  =  1.5  A.  where  a  is  the 
free  space  wavelength)  which  are  cut  off  to  the  operating  frequency.  T  tie 


A 


cavities  are  tunable  from  4.4  GHz  to  4.5  GHz  by  moving  a  foil  membrane  which 
forms  one  of  the  cavity  walls.  The  cavities  were  cold  tested  to  assure  no 
unwanted  mode  competition  with  the  desired  mode.  The  first  two  cavities  (L  = 
0.9  X)  are  used  to  bunch  the  beam  and  have  a  cold  loaded  0  of  600.  The  third 
cavity  (L  =  1.1  X)  has  a  cold  loaded  Q  of  235.  Ml  three  cavities  are  coupled 
to  waveguides  through  a  hole  in  the  side  wall.  This  permits  the  drive  signal  to 
be  introduced  into  the  first  cavity  and  the  output  hole  microwave  power  to  be 
extracted  from  the  third  cavity.  The  waveguide  on  the  second  cavity  can  be  used 
as  a  diagnostic  for  three-cavity  operation  or  to  monitor  two-cavity  gvroklystron 
operation.  All  cavities  were  coupled  to  the  waveguide  by  positioning  a  short  at 
the  end  of  the  waveguide  at  approximately  X/4  from  the  center  of  the  coupling 
hole.  The  optimum  position  of  the  short  was  determined  for  the  center  frequency 
of  operation  in  cold  test,  and  the  short  was  then  brazed  in  this  position  during 
fabrication  of  the  tube. 

Competing  cavity  modes  near  the  operation  frequency  were  removed  by 
careful  cavity  design.  However,  a  mode  related  to  the  coupling  hole  between  the 
cavity  and  the  waveguide  was  discovered  in  cold  test.  This  mode  was  finally 

removed  by  altering  the  coupling  hole  shape.  As  a  result,  the  driver  cavities 

have  0.75  inch  circular  coupling  holes,  and  the  output  cavity  has  a  1  inch 
square  coupling  hole.  The  large  coupling  holes  were  required  to  obtain  the 
desired  loaded  Q  values  suggested  by  theory.  1 

During  hot  test,  matching  circuits  (e.g.,  E-H  tuners)  have  been  tried 
to  improve  the  hot  coupling.  Matching  circuits  on  both  the  input  and  output 

increased  output  power  at  most  by  10%,  while  limiting  the  output  bandwidth  of 
the  GKA.  For  normal  operation,  without  external  matching  circuits  on  the 
input,  aDproximately  10-20%  of  the  drive  signal  is  reflected.  This  reflection 
is  related  to  the  hot  operation  of  the  device  and  is  difficult  to  improve, 

because  the  match  changes  during  the  electron  beam  pulse.  Some  improvement  can 
be  obtained  using  a  sliding  short  on  the  input:  however,  the  input  bandwidth  is 
then  limited.  Such  a  matching  circuit  was  not  normally  used.  For  the  purposes 
of  our  experiment,  the  match  was  deemed  acceptable:  however,  for  a  production 
device,  a  better  coupling  will  be  required. 
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The  magnetic  field  for  the  gyroklystron  is  supplied  by  eight 
conventional  magnets  in  a  stack.  Iron  flux  bars  and  two  pole  pieces  are  used  to 
confine  the  magnetic  field.  The  magnet  stack  is  powered  by  four  supplies,  with 
two  adjacent  magnets  in  series  to  give  four  modules.  This  allows  tapered 
magnetic  field  operation.  A  ninth  magnet,  powered  by  a  separate  supply,  powers 
the  magnetic  field  for  the  gun  region.  The  gun  resides  below  the  lower  iron 
pole  piece.  The  magnet  stack  is  capable  of  2  kG  operation,  and  is  adjusted  to 
excite  the  fundamental  cyclotron  maser  frequency  (B  *  1.65  kG). 


SECTION  4 

CYROKLYSTRON  PERFORMANCE 


For  the  performance  testing  of  the  GKLY-101  amplifier,  the  device  was 
operated  at  a  pulse  repetition  frequency  of  60  H/  and  a  pulse  duration  of  1  to  3 
microseconds.  Figure  2  shows  schematically  how  the  microwave  characteristics 

were  measured.  Isolators  were  used  to  separate  each  microwave  source  in  the 

amplifier  chain.  Input  power,  output  power,  and  gain  were  measured  using 
calibrated  directional  couplers  and  thermistor-mount  power  meters.  Diode 
crystals  allowed  the  microwave  pulse  shape  to  be  monitored.  In  a  similar 
manner,  a  directional  coupler  was  used  to  monitor  the  reverse  microwave  power. 
The  output  power  was  also  measured  using  a  calorimetric  water  load  specifically 
built  for  the  experiment.  Efficiency  is  calculated  as  the  ratio  of  output 

microwave  power  to  input  beam  power.  The  collector  of  the  tube  is  isolated 
allowing  the  current  to  be  easily  measured  using  a  Rogowski  monitor  on  the  wire 
connecting  the  collector  to  ground.  A  capacitive  voltage  monitor  on  the  gun 
voltage  is  used  to  determine  the  beam  voltage. 

Initial  tube  testing  has  examined  gain,  output  power  and  efficiency. 
Figure  3  shows  typical  small  signal  data  with  a  gain  of  26  dB.  In  the  figure, 

\  !  refers  to  the  beam  voltage,  and  V2  refers  to  the  mod  anode  voltage.  This 

data  is  taken  with  no  tapering  of  the  magnetic  field  and  compares  well  with 

theoretical  predictions  of  26  dB  small  signal  gain,4  for  a  =  1,  gvz/vz  <- 

10%,  with  u/  ^  =  1.035  (estimated  beam  parameters  for  the  experiment),  where 
=  eB/'m0c,  B  is  the  axial  magnetic  field  and  the  other  constants  are  as 

normally  defined.  Larger  small  signal  gains  (=36  dB)  have  been  observed  with  a 
tapered  magnetic  field. 

The  larqest  ouput  power  is  shown  in  Figure  4,  54  kW,  and  was  obtained 
using  a  tapered  maqnetic  field.  The  large  signal  gain  was  15  dB,  the  small 
signal  gain  was  22  dB,  and  the  efficiency  was  25%.  Both  the  small  signal  gain 
and  the  efficiency  are  lower  than  the  best  values  observed  (36  dC,  33%).  The 
reason  for  this  is  believed  to  be  related  to  the  operation  of  the  qun.  The  high 
power  is  obtained  by  increasing  the  current.  This  probably  increases  the 
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Schematic  of  the  Gyrokl ystron  FxperLment  Deplctlnq  the  Microwave  Components.  (Mote 
slide  tuner  was  normally  not  used.) 
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Figure  3.  Small  Signal  Gain.  Experimental  drive  curve  in  a  uniform 
magnetic  field  showing  the  small  signal  gain. 
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V  =  34.7  kV 
I  =  7.5A 

2.8  fis  PULSE  WIDTH 
60  Hz  REPETITION  RATE 

21  %  EFFICIENCY 

18  dB  LARGE  SIGNAL  GAIN 

22  dB  SMALL  SIGNAL  GAIN 
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Figure  4.  Drive  Curve.  Experimental  drive  curve  showing  largest  peak 
power  to  date.  The  magnetic  field  is  tapered  and  all  cavities 
tuned  to  obtain  maximum  output  power. 


space-charge  effects  and,  therefore,  the  velocity  spread.  Output  microwave 
power  increases,  since  the  beam  power  is  increasing  faster  than  the  efficiency 
drops  with  velocity  spread.  However,  efficiency  and  gain  decrease.  The  tapered 
magnetic  profile  which  gave  the  best  results  increases  from  the  gun  until  the 
end  of  the  second  cavity  and  then  decreases.  The  magnetic  field  variation  is 
approximately  32%  from  maximum  to  minimum  field,  as  determined  by  the  current  in 
the  magnetic  field  coils. 

The  bandwidth  of  the  GKLY-101  device  has  also  been  examined.  Figure  5 
shows  the  calculated  bandwidth  with  all  cavities  tuned  to  the  same  frequency  and 
using  the  analysis  of  Reference  4.  Our  experiment  has  an  a  of  approximately 
one,  yielding  a  calculated  bandwidth  of  0.20%.  Note  that  this  calculation  is 
for  a  uniform  magnetic  field  and  a  beam  current  of  6  A.  Experimentally,  we 
observe  (see  Figure  6)  a  bandwidth  (FWHM)  of  only  0.13%,  although  for  a  lower 
current,  3  A,  the  bandwidth  increases  to  0.26%.  Further,  the  bandwidth  can  be 
increased  to  0.43%  by  stagger  tuning  of  the  three  cavities  and  tapering  of  the 
magnetic  field.  The  stagger  tuning  is  the  dominant  effect  in  broadening  the 
bandwidth.  The  resolution  of  our  measurement  was  limited  to  about  300  KHz  (see 
Figure  7),  which  is  approximately  seven  times  the  drive  oscillator  line  width. 
This  is  due  to  the  fact  that  the  measurement  is  time-integrated,  and  over  the 
entire  pulse  there  is  a  large  amount  of  FM  noise.  We  believe  the  FM  noise  is 

related  to  voltage  variations  in  the  beam  drive  voltage.  This  is  presently 

under  investigation. 

For  our  device,  the  bandwidth  appears  to  be  limited  by  the  cavity  0 

values.  For  no  stagger  tuning,  the  limitation  seems  to  be  predominantly  the 
drive  cavity  Q  value.  Since  the  first  cavity  has  a  0  of  600,  the  expected 
bandwidth  (FWHM)  is  0.2%.  The  limitation  appears  to  be  related  to  coupling  the 
input  signal  into  the  first  cavity.  For  staggered  tuning,  the  limitation 

appears  to  be  the  output  cavity  Q  of  235,  which  gives  an  expected  bandwidth  of 
0.4%.  Lower  Q  cavities  should  increase  the  bandwidth.  Overall  gain  could  be 
maintained  by  increasing  the  number  of  cavities. 
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Theoretical  Bandwidth  Curve.  Theoretical  curves  showing 
bandwidth  for  the  GKLY-101  device  at  three  values  of  a  and  ^ 
is  the  cavity  resonant  frequency  and  u.c  is  the  cyclotron 
frequency.  For  each  value  of  a,  has  been  adjusted  for 
maximum  gain. 
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Fiqure  6.  Experimental  Measurements  of  Output  Bandwidtn.  The  upper  two 
pictures  show  bandwidth  measurements  at  two  different  beam 
currents.  The  lower  picture  shows  the  output  bandwidth  with 
staoqered  tuning  and  a  tapered  magnetic  field. 
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igure  7.  GKA  Line  Width.  Shown  is  the  gvroklyptron  line  width  for  a 
single  freguency  drive  signal.  Broadening  is  due  to  FM  noise. 
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Operation  of  the  gvroklystron  amplifier  as  a  phase-locked  oscillator 
is  also  being  examined.  This  mode  of  operation  has  been  predicted  for  the 
gvroklystron ~  “  with  a  calculated  drive  curve  as  shown  in  Tigure  5.  c  T tie 
unique  characterist ic  of  this  type  of  operation  is  the  sharp  transition  from  the 
linear  amplifier  region  to  the  saturated  locked-osci 1 lator  region.  At  the 
transition  point  a  small  increase  in  dri' e  power  will  control  the  phase  of  a 
powerful  oscillation.  This  phenomenon  has  been  observed  exprimentally.  The 
drive  curve  is  shown  in  Figure  9  and,  although  performed  at  much  lower  power, 
shows  the  same  qualitative  features  as  the  theoretical  prediction.  The 
power-locking  ratio,  10  log  (Posec^dri ve^ »  96.5  dB  at  the  transition. 

The  phase-locked  operation  regime  is  achieved  by  tuning  up  an  oscillation  in  the 
first  cavity,  then  slightly  detuning  the  magnetic  fields  near  the  gun  so  that 
the  drive  power  can  initiate  the  oscillation.  The  exact  details  of  this  type  of 
operation  are  still  under  investigation.  Without  the  input  microwave  drive 
signal,  no  output  power  is  observed  in  the  oscillator  region.  Apparently,  the 
input  microwave  drive  signal  is  lowering  the  threshold  for  oscillation  in  one  of 
the  three  cavities,  presumably  by  bunching  of  the  electron  beam.  Preliminary 
observations  of  phase-locked  oscillator  operation  suggest  that  the  oscillations 
occur  in  the  first  cavity  and  are  amplified  in  the  following  two  cavities.  It 
is  therefore  important  that  a  high-power  isolator,  such  as  was  used,  be  present 
in  the  input  microwave  drive  line.  For  maximum  utility  as  an  actual  tube,  the 
oscillation  will  need  to  be  excited  in  a  cavity  other  than  the  input  cavity  to 
eliminate  the  large  power  emitted  by  the  first  cavity  into  the  drive  circuit. 

Recently,  we  have  been  able  to  adjust  parameters  to  obtain  oscillation  only  in 

2  3 

the  last  cavity. 

A  phase  correlation  diagnostic  was  used  to  distinguish  between  a  free 
oscillation  and  a  phase-locked  oscillation  in  the  gvroklystron.  The  diagnostic 
compared  the  drive  and  output  signals  by  giving  a  polar  oscilloscope  display, 
where  the  radial  component  of  the  display  corresponded  to  the  product  of  the 
amplitudes  of  the  two  signals  and  the  angle  from  the  x-axis,  6,  of  the  polar 
display  was  the  relative  phase  difference  between  the  two  signals.  For  a  free 
oscillation,  there  is  no  phase  relationship  between  the  output  and  ttie  drive 
signals.  Therefore,  the  polar  display  of  the  diagnostic  is  a  circle,  while  for 
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phase- locked  operation,  the  signals  are  related  and  a  stationary  point  results 
for  the  display.  The  phase- lock inq  behavior  was  confirmed  by  shifting  the  phase 
of  t tie  drive  signal  and  verifying  that  t tie  relative  phase,  e,  remained  constant. 

Figure  10  shows  data  taken  during  operation  in  t tie  locked-osci  1  lat  or 
mode.  Picture  (a)  shows  the  crystal  detected  ouput  power  in  t  tie  sharp 
transition  region  of  Figure  9.  The  two  traces  result  from  small  fluctuations 
causing  the  output  to  jump  from  one  side  of  the  transition  to  the  other.  (When 
the  device  is  operated  at  similar  powers  under  amplifier  conditions,  no  such 
jump  is  observed.)  Picture  (b)  shows  the  output  signal  in  the  saturated  region 
of  the  drive  curve,  and  (c)  is  the  corresponding  phase  diagnostic  data  showina 
phase-locked  behavior.  The  explanation  for  phase  control  over  the  large  output 
oscillation  is  that  the  oscillation  in  the  first  cavity  is  small  and  can  be 
controlled  by  a  small  drive  signal.  This  signal  is  then  amplified  in  the 
following  cavities. 


We  plan  to  continue  the  phase-locked  oscillator  work.  In  addition, 
the  amplifier  noise  ( <\M  and  FM )  is  under  examinat  icn .  The  main  new  thrust, 
however,  is  in  the  design  of  a  new  amplifier  tube.  This  GK*\  will  have  an 
overmoded  circular  output  cavity,  as  will  be  required  for  high  power  operation. 
Initially,  we  are  considering  a  circular  TEl2l  ouput  cavity.  Operation  will 
still  be  at  the  fundamental  cyclotron  frequency,  and  the  drift  tubes  will  be  cut 
off  to  this  frequency.  Tuning  and  output  power  extraction  techniques  are 
presently  under  investigation.  Plans  for  the  development  of  a  gun  with  a  larger 
a  are  also  underwav. 
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Fiqure  10.  Phase-Locked  Oscillator  Performance.  (a)  Gyrokl yst ron  output 
at  the  transition,  (b)  Saturated  output  signal.  and  (c)  Phase 
diagnostic  showing  phase  lock'nq  in  the  saturated  reqion. 


SECTION  5 
CONCLUSIONS 


It  has  been  shown  that  a  gyroklystron  device  can  be  stably  operated. 
Further,  reasonably  large  efficiencies  (*  30%)  are  possible.  A  30%  efficiency 
for  our  device  corresponds  to  a  perpendicular  efficiency  of  60%,  which 
approaches  the  large  values  predicted  in  the  Russian  literature. 1 3 > 14  This 
implies  overall  efficiencies  of  50%  are  attainable  for  beams  with  a  *  2.  Large 
signal  gains  of  20  dB  at  high  power  seems  practical  with  a  three-cavity  device. 
Further,  bandwidths  seem  to  be  restricted  in  the  present  geometry  to  about  0.4%; 
however,  lower  Q  cavities  would  probably  increase  this  bandwidth. 
Locked-oscillator  performance  has  been  observed.  Theoretical  predictions 
suggest  that  such  devices  are  capable  of  larger  output  powers  and  efficiencies 
than  amplifiers.  We  conclude  that  a  gyroklystron  amplifier  (or  locked 
oscillator)  presents  an  attractive  choice  for  a  high-power,  high-efficiency, 
narrow-bandwidth  microwave  or  millimeter  wave  device. 
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